INTRODUCTION
============

Among men, cancers of the prostate, lung and bronchus, and colorectum account for about 50% of all newly diagnosed cancers \[[@B1]\]. Prostate cancer alone will account for 27% (233,000) of incident cases in men \[[@B1]\]. Although prostate-specific antigen (PSA) is one of the most widely used tumor markers, it has various drawbacks, mainly due to its low specificity and low negative predictive value \[[@B2]\]. Prostate cancer with a Gleason score of 6 (3+3) (GS6) is the most commonly diagnosed prostate cancer among men with cancer detected by PSA screening, the most histologically well differentiated, and the type with the most favorable prognosis \[[@B3]\]. Despite the high prevalence of GS6 cancer, however, considerable debate exists regarding its clinical significance, natural history, metastatic potential, and optimal management \[[@B3]\]. GS6 prostate cancer meets the histologic criteria for adenocarcinoma, although some argue it does not meet the 6 hallmarks of cancer: sustained proliferative signaling, evasion of growth suppressors, resistance of apoptosis, replicative immortality, induction of angiogenesis, and invasion or metastasis \[[@B4],[@B5]\]. Therefore, one of the major focuses in urologic research remains the identification of \"quantitative variables\" to detect clinically significant GS6 prostate cancers \[[@B6],[@B7],[@B8]\].

Angiogenesis, the development of new branching vessels from existing vasculature, is a complex, dynamic process commonly observed in fetal growth, wound healing, and endometrial hyperplasia \[[@B9]\]. It has been ascertained that tumors are driven by persistently upregulated angiogenesis \[[@B9]\]. Angiogenesis is regulated by a balance of pro- and antiangiogenic molecules secreted from various cells, including cancer cells, endothelial cells, and stromal cells, the relative contributions of which are likely to change with tumor type and site, as well as with tumor growth, regression, and relapse. The implication of angiogenesis in prostate cancer remains debated \[[@B10]\]. While there is currently no accepted biomarker of the angiogenic activity of prostate cancer, it has been ascertained that the measurement of various morphological aspects of tumor vasculature may provide helpful information on angiogenic activity \[[@B10],[@B11]\].

The amount of angiogenesis of prostate cancer is largely estimated by microvessel density (MVD) \[[@B12],[@B13]\]. Although the association between MVD and the survival rate remains controversial, some investigators have proposed MVD as a prognostic and predictive factor \[[@B12],[@B14]\]. MVD has also been associated with tumor aggressiveness, PSA recurrence, and the metastatic potential after radical prostatectomy \[[@B15]\]. MVD has several limitations, however, mainly due to the differences in study design, population size, approach to selection of representative tumor areas, choice of endothelial marker (i.e., factor VIII-related antigen, CD34, CD31, CD105, vascular endothelial growth factor), and measurement method.

The vascular system is a complex ramified network whose geometrical features cannot be analyzed by use of Euclidean geometry, which only interprets regular and smooth objects \[[@B10],[@B11]\]. Fractal geometry, however, is a powerful means of quantifying the spatial complexity of biological systems and their complex behaviors \[[@B16],[@B17]\]. The human vascular system represents a well-characterized, archetypical natural \"fractal object\" because of its \"statistical self-similar\" architecture, \"noninteger dimension,\" and \"scaling\" \[[@B18]\].

Here, we estimated the surface fractal dimension as a \"quantitator\" of the two-dimensional (2-D) geometrical complexity of microvascularity in 280 prostate biopsy sections by means of a completely automated image analysis procedure ([Fig. 1](#F1){ref-type="fig"}) and assessed correlations between the results and several clinical and pathological parameters of prostate cancer. We investigated the (2-D) irregularly shaped microvascular system in a homogeneous series of low-risk prostate cancer (Gleason score 3+3, PSA\<10 ng/mL, and clinical stage T1c) biopsies taken from patients who underwent systematic biopsy sampling and subsequent radical prostatectomy to evaluate whether this feature might be considered a \"hallmark of cancer\" in this specific group of patients.

MATERIALS AND METHODS
=====================

1. Patients and samples
-----------------------

A total of 280 prostate biopsies retrospectively taken from 70 patients (1 needle tumor biopsy and 3 nontumor needle biopsies for each patient) who underwent systematic biopsy sampling and subsequent radical prostatectomy for low-risk prostate cancer at the Humanitas Research Hospital (Rozzano, Milan, Italy) from 1999 to 2004 were analyzed. For each patient, serum levels of PSA and the free-to-total (F/T) PSA ratio, clinical and pathological stage, surgical margins, tumor volume, pathological Gleason score, vascular invasion, capsular penetration, and biochemical recurrence were known. All patients enrolled in the study received revised consent forms and were eligible for the study. Biochemical recurrence was defined as a detectable serum PSA level (greater than 0.2 ng/mL) with an increase in this value during 10 years of follow-up. [Table 1](#T1){ref-type="table"} shows the demographic, clinical, and pathological characteristics of the patients enrolled in the study.

2. Immunohistochemistry
-----------------------

Two-micrometer-thick sections were cut and processed for immunohistochemistry. After being deparaffinized and rehydrated, the sections were immersed in an antigen retrieval bath (Dako, Milan, Italy) for 30 minutes at 98℃ in 1mM of freshly made ethylenediaminetetraacetic acid solution, incubated with 3% H~2~O~2~ for 15 minutes in order to quench endogenous peroxidase activity, and then incubated at room temperature for 2 hours with primary antibodies raised against CD34 (Dako) or 1 mg/mL of mouse IgG1 (Dako) as a negative control. This was followed by a 30-minute incubation with the Envision system (Dako). 3,3\'-Diamin obenzidinetetrahydrochloride was used as a chromogen to yield brown reaction products. The nuclei were lightly counterstained with hematoxylin solution.

3. Computer-aided image digitization and fractal dimension estimate
-------------------------------------------------------------------

Tumor specimens were reviewed blind by the same pathologist (P.C.). Gleason score was assigned in the diagnostic evaluation, according to the World Health Organization criteria. None of the specimens harbored tertiary Gleason patterns. Whole biopsy sections were digitized by using a computer-aided image analysis system consisting of a Leica DMLA microscope (Leica, Milan, Italy) equipped with an x-y translator table, a digital camera, and a computer with incorporated *ad hoc* constructed image analysis software that automatically selected the immunoreactive vascular surface on the basis of RGB (red, green, blue) color segmentation \[[@B19]\]. All of the images were digitized at 10× objective magnification. The 2-D fractal dimension of the immunoreactive vascular surface was estimated by using the box-counting algorithm and the equation, $$D = {\lim\limits_{\varepsilon\rightarrow 0}\frac{\mathit{\log}{N\left( \varepsilon \right)}}{\log\left( \frac{1}{\varepsilon} \right)}}$$ where *D* is the box-counting fractal dimension of the immunoreactive vascular surface, ε is the side length of the box, and *N*(ε ) is the smallest number of contiguous and nonoverlapping boxes of side ε required to cover the immunoreactive vascular surface completely \[[@B18]\].

Because the *zero limit* cannot be applied to biological images, *D* was estimated by means of the equation where *d* is the slope of the graph of *log N*(ε) against *log* (1/ε). Because natural objects are scale invariant, they maintain their fractal dimension within a fixed range of side lengths (ε~min~-ε~max~) based on the constant fitting parameter *D* \[[@B18]\].

4. Statistical analysis
-----------------------

All of the data were expressed as mean values±standard deviation and were analyzed by using Statistica software (StatSoft Inc., Tulsa, OK, USA) and GraphPad Prism 5 (San Diego, CA, USA). Univariate analysis was performed by means of the two-tailed Student t-test or chi-square test for parametric and categorical variables. A p-value of ≤0.05 was considered to be statistically significant.

RESULTS
=======

As shown in [Table 1](#T1){ref-type="table"}, all patients who underwent systematic biopsy sampling had a diagnosis of low-risk prostate cancer at the time of biopsy with a Gleason score of 3+3, clinical stage T1c, and PSA\<10 ng/mL. After radical prostatectomy, the majority of the tumors were graded as 3+3 (44/70 patients, 63%); 26 of 70 patients (37%) had tumors graded 3+4 ([Table 2](#T2){ref-type="table"}). No significant differences were found in patient\'s age, PSA and F/T PSA ratio, clinical and pathological stage, tumor volume, capsular penetration, surgical margins, and biochemical recurrence between the two groups. A statistically significant difference was found between the two groups with respect to vascular invasion (p=0.04). Biopsies without cancer had a significantly higher vascular surface fractal dimension than did biopsies with evident prostate cancer ([Fig. 2](#F2){ref-type="fig"}). The same difference was found when the tissues were divided into two groups according to a pathological Gleason score of 3+3 or 3+4 at the subsequent radical prostatectomy ([Fig. 2](#F2){ref-type="fig"}). No correlations were found between the vascular surface and patient\'s age, PSA and F/T PSA ratio, clinical and pathological stage, Gleason score, tumor volume, vascular invasion, surgical margins, and biochemical relapse.

DISCUSSION
==========

An increased serum PSA level is the main tool used today to suspect the presence of prostate cancer. Serum PSA quantification has, however, low specificity for detecting prostate cancer and poorly predicts the presence of aggressive disease. A definitive diagnosis of cancer depends on the histopathological analysis of a core needle biopsy sample. In one prospective study, the negative rate of a 12-core biopsy technique was found to be more than 30% \[[@B20]\].

In November 2014, the International Society of Urological Pathology convened a consensus conference on prostate cancer grading in Chicago (IL, USA), and one of the key issues for discussion included the labeling of GS6 prostate cancer and whether it was time to overhaul the terminology used to describe prostate cancer grade \[[@B7]\]. GS6 cancer is the most commonly diagnosed prostate cancer among men with cancer detected by PSA screening, the most histologically well differentiated, and the cancer associated with the most favorable prognosis \[[@B3]\]. Despite the high prevalence of GS6 prostate cancer, however, considerable debate remains regarding its clinical significance, natural history, metastatic potential, and optimal management \[[@B3]\]. GS6 cancer meets the histologic criteria for adenocarcinoma, although some argue it does not meet the six hallmarks of cancer, including induction of angiogenesis.

Angiogenesis is a dynamic process accompanying the development, progression, and metastasis of tumors of unrelated histological origin \[[@B9]\]. Although the role of angiogenesis in prostate cancer remains controversial, several studies have revealed vascular changes in prostate cancer and benign prostatic hyperplasia (BPH) including increased vessels with tiny lumens and irregular shapes, increased vessel density, and reduced blood flow, which suggest that changes in vascular architecture may have a potential role in prostate diseases. Even more controversial is the prognostic value of microvascularity in smaller samples of prostate cancer, such as core needle biopsies \[[@B13],[@B21],[@B22]\]. MVD has not been shown to be a valid measure to guide or evaluate antiangiogenic treatment \[[@B23]\]. In addition, MVD is limited by the highly irregular geometry that the vascular system assumes in real space \[[@B18]\].

Angiogenesis is a nonlinear dynamic process that is discontinuous in *space* and *time*, but advances through qualitatively different states. The progression of these states generates a self-similar ramified structure that irregularly fills the surrounding environment. A natural object is said to be self-similar if it can be broken down into arbitrarily small pieces, each of which is a replica of the entire structure \[[@B11]\]. The main feature of the newly generated vasculature is the structural diversity of the vessel sizes, shapes, and connecting patterns. Additionally, it has been ascertained that tumor vessels are structurally and functionally abnormal: unlike normal vessels, they are highly disorganized, tortuous and dilated, and have uneven diameters and excessive branching and shunts \[[@B11],[@B18]\]. The complex geometry of tumor vasculature and its functional heterogeneity mean that microvascularity cannot be measured on the basis of MVD \[[@B11],[@B18]\]. Tretiakova et al. \[[@B24]\] applied automated image analysis to conventional and tissue microarray sections in large representative areas and demonstrated that there was no significant increase in MVD parameters in prostate cancer versus matched normal peripheral zone prostatic tissue. Paradoxically, several morphological indexes were found to be higher within normal glandular prostatic tissue. Deering et al. \[[@B25]\] also reported no increase in MVD counts between BPH and prostate cancer. In 1996, Barth et al. \[[@B26]\] demonstrated that direct stereologic assessment of vascular surface density quantitating the vessel area per tissue volume showed no significant difference between normal and prostate cancer tissue. Another study by Taverna et al. \[[@B19]\] divided the investigated cases in two groups with 56% of cases showing an increase in the vascular surface in prostate cancer versus nontumor areas and 44% showing a decrease in the vascular surface in prostate cancer. The second group of patients with lower tumoral vascular surface had a poorer outcome, which suggests that tumor progression is independent of angiogenesis. These findings parallel recent data that showed no significant difference in CD31 mRNA levels from normal prostate and matched prostate cancer. Additionally, Luczynska et al. \[[@B27]\] found that the lowest MVD was observed in specimens with the highest Gleason scores, tumor grade, and pT classification. It has also been stated that the lack of correlation between vascularity and tumor volume is not surprising. In a higher tumor volume with lower oxygen concentrations, tumor cells can remain viable, and they can exist at greater distances from the vasculature because they acquire the ability to take up glucose and perform glycolysis.

Using a combined approach of immunohistochemistry and computer-aided image analysis, we have quantified the vascular surface fractal dimension in needle biopsy sections with low-risk prostate cancer and matched nontumor biopsy sections and assessed the correlations between these results and selected clinical and pathological parameters of prostate carcinoma. We found that biopsies without cancer had a significantly higher vascular surface fractal dimension than did biopsies showing cancer ([Fig. 1](#F1){ref-type="fig"}, [Table 3](#T3){ref-type="table"}). In addition, we did not find any correlation between the 2-D vascular complexity and patient\'s age, serum PSA and the F/T PSA ratio, clinical and pathological stage, tumor volume, vascular invasion, capsular penetration, surgical margins, and biochemical recurrence.

Previously, we demonstrated that vascular surface fractal dimension is a parameter that depends on (1) the number of vessels, (2) the spatial relationships between the vessels, and (3) the interactions between the vascular components and the surrounding tissue \[[@B18]\]. We also developed a computer model capable of generating a large series of 2-D images of a simulated microvascular network \[[@B18]\], and we found that the vascular fractal surface increased with the number of vessels; furthermore, its value changed when the same number of vessels was differently distributed in the surrounding environment \[[@B18]\]. In other words, an equal number of vessels may have different spacefilling properties depending on their distribution pattern. Angiogenesis is a complex process, which involves multiple pathways that are dependent on the homeostatic balance among several growth factors. Although the value of angiogenesis in prostate cancer is still not globally accepted, our findings demonstrate that low-risk prostate cancers are less vascularized than are nontumor tissues.

It is today recognized that prostate cancer is highly heterogeneous in \"time\" and \"space\" and that \"natural\" and \"tumoral\" prostate microenvironments share some properties, although many other are distinctive and to each state \[[@B28],[@B29]\]. We investigated four biopsy tissues for each patient (i.e., one tumoral and three without prostate cancer). Importantly, the microenvironment of prostate tissue adjacent or distant from the tumor foci cannot be considered absolutely natural, because changes at different levels of observation (i.e., genetic, subcellular entities of cell and tissue as a whole) might not be identifiable at a particular spatial scale \[[@B28]\]. According to our findings, which evaluated a well-recognized \"hallmark of cancer,\" and other reports, GS6 disease should not be labeled with this term \[[@B6],[@B30]\]. However, in our investigated series we found that 1 patient had lymphatic metastasis (pT2bN1), 26 of 70 patients (37%) had a GS of 3+4 at radical prostatectomy, and overall 14 of 70 patients (20%) experienced biochemical recurrence during 10 years of follow-up. These findings encourage all of us to redouble our efforts to improve the comprehension of low-risk prostate cancer.

CONCLUSIONS
===========

The results of the present study demonstrate that biopsies taken from men with low-grade prostate cancer have a significantly lower vascular surface fractal dimension than do biopsies without cancer. It has been ascertained that tumors can generate their vasculature in six distinct ways, namely through sprouting angiogenesis, vasculogenesis, intussusception, vessel co-option, vasculogenic mimicry, and transdifferentiation of cancer stem-like cells into tumor endothelial cells. Further studies are necessary to understand whether angiogenesis is a hallmark of intermediate- and high-risk prostate cancer.
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![(A) The surface fractal dimension, as a numerical index of the two-dimensional geometrical complexity of tumor vascular networks, in patients with prostate cancer. Statistically significant differences were found between the surface fractal dimension in tumor biopsy (TB) samples versus nontumoral biopsy (NTB) cores. The same difference is found when the population is divided in two groups according to the pathological Gleason grade 3+3 or 3+4 at the subsequent radical prostatectomy (B and C, respectively). ^\*^p\<0.01. ^\*\*\*^p\<0.0001. ^\*\*\*\*^p\<0.00001.](kju-56-435-g001){#F1}

![Multilevel-based procedure for estimating the two-dimensional vascular fractal dimension in tumor and nontumor biopsy cores. It has been recognized that two main issues influence results in the quantification of microvascularity in prostate tissue: (1) subjectivity in the diagnostic interpretation and (2) inadequate quantitative parameter. The present procedure automatically identified the microvascularity and estimated the surface fractal dimension as an index of the geometrical microvascular complexity.](kju-56-435-g002){#F2}

###### Patient population features (n=70)

![](kju-56-435-i001)

  Variable                 Value
  ------------------------ -------------
  Age (y)                  62±6
  PSA (ng/mL)              6.48±0.23
  F/T PSA ratio            14.18±0.71
  Pathological grade       
   3+3                     44 (63)
   3+4                     26 (37)
  Pathological stage       
   T2aN0                   8 (11)
   T2bN0                   21 (30)
   T2bN1                   1 (1)
   T2cN0                   32 (46)
   T3aN0                   7 (10)
   T3bN0                   1 (1)
  Positive margins         
   Yes                     26 (37)
   No                      44 (63)
  Capsular penetration     
   Yes                     46 (66)
   No                      24 (34)
  Tumor volume (mL)        14.93 ±1.49
  Vascular invasion        
   Yes                     9 (13)
   No                      61 (87)
  Biochemical recurrence   
   Yes                     14 (20)
   No                      56 (80)

Values are presented as mean±standard deviation or number (%).

PSA, prostate-specific antigen; F/T, free-to-total.

###### Patients with Gleason score 3+3 and 3+4 at radical prostatectomy

![](kju-56-435-i002)

  Variable                  Gleason score   p-value      
  ------------------------- --------------- ------------ ------
  No. of patients           44 (63)         26 (37)      
  Age (y), median (range)   62 (44-73)      63 (48-69)   NS
  PSA (ng/mL)               6.24±0.22       6.87±0.25    NS
  F/T PSA ratio             14.13±0.78      14.29±0.53   NS
  Pathological stage                                     NS
   T2aN0                    7(16)           1 (4)        
   T2bN0                    15 (34)         6 (23)       
   T2bN1                    0 (0)           1 (4)        
   T2cN0                    20 (45)         12 (46)      
   T3aN0                    2 (5)           5 (19)       
   T3bN0                    0 (0)           1 (4)        
  Positive margins                                       NS
   Yes                      14 (32)         12 (46)      
   No                       30 (68)         14 (54)      
  Capsular penetration                                   NS
   Yes                      27 (61)         19 (73)      
   No                       17 (39)         7 (27)       
  Tumor volume (mL)         13.77±1.21      16.88±1.89   
  Vascular invasion                                      0.04
   Yes                      4 (9)           7 (27)       
   No                       40 (91)         19 (73)      
  Biochemical recurrence                                 NS
   Yes                      9 (20)          8 (31)       
   No                       35 (80)         18 (69)      

Values are presented as number (%) or mean±standard deviation unless otherwise indicated.

PSA, prostate-specific antigen; F/T, free-to-total; NS, nonsignificant.

###### Vascular surface fractal dimension in all patients and stratified by Gleason pathological score
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          All patients (n=70)   Pathological Gleason score   
  ------- --------------------- ---------------------------- -----------
  TB      1.23±0.12             1.22±0.12                    1.24±0.11
  NTB 1   1.31±0.12             1.31±0.11                    1.32±0.15
  NTB 2   1.33±0.10             1.35±0.09                    1.29±0.11
  NTB 3   1.32±0.09             1.33±0.10                    1.31±0.08

Values are presented as mean±standard deviation.

TB, tumor biopsy; NTB, nontumor biopsy.

[^1]: ^\*^These authors contributed equally to this study and should be considered co-first authors.
